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LGHQWLILHGE\WKH&(5FRGHWKDWLV³FRQVWUXFWLRQDQGGHPROLWLRQZDVWH´>@7KHUHIRUHWKHUHF\FOLQJRIWKHVHZDVWHV
LVLPSRUWDQWQRWVRPXFKIRUWKHLUGDQJHURXVQHVVDVIRUWKHLUFRQVLGHUDEOHDPRXQW&	'ZDVWHDJJUHJDWHVDUHSURGXFHG
E\ FUXVKLQJPDWHULDOV IURP GHPROLWLRQ RI YDULRXV FRQVWUXFWLRQ VLWHV DQG EXLOGLQJV DQG WKHLU FRPSRVLWLRQ LV YHU\
YDULDEOH,QIDFWWKH\FDQFRQWDLQGLIIHUHQWTXDQWLWLHVRIJODVVFRQFUHWHFHUDPLFEULFNVZRRGFOD\DQGIRUWKLVUHDVRQ
WKH\VKRZDJUHDWYDULDWLRQLQTXDOLW\ WKDWLVUHODWHGWRWKHRULJLQRIWKH&':DQGWRWKHSURFHVVW\SHXVHGLQWKH
UHF\FOLQJSODQW>@1HYHUWKHOHVV&	'ZDVWHKDYHDQKLJKSRWHQWLDOIRUEHLQJUHXVHGOLNHDJJUHJDWHV
7KHSURSHUWLHVRIFRDUVH5$IURP&	'ZDVWHDQGLWVDSSOLFDWLRQLQWKHPDQXIDFWXUHRIFRQFUHWHKDYHEHHQZLGHO\
VWXGLHGDQGPDQ\UHVHDUFKHVSHUIRUPHGGXULQJUHFHQW\HDUVFRQYHUJHWRWKHUHVXOWWKDWWKLVIUDFWLRQFDQEHXVHGWR
VXEVWLWXWH1$LQFRQFUHWHVXFFHVVIXOO\>@6RPH6WDQGDUGVDOORZWRWDORUSDUWLDOVXEVWLWXWLRQRIFRDUVH1$E\FRDUVH
5$LQWKHPDQXIDFWXULQJRIQHZFRQFUHWHZKLOHWKHXVHRIUHF\FOHGILQHIUDFWLRQLVVWLOOOLWWOHXVHGLQEXLOGLQJPDWHULDOV
GXHWRWKHZRUNDELOLW\SUREOHPVLQWKHPL[LQJSKDVH(VSHFLDOO\WKHUHF\FOHGVDQGFKDUDFWHUL]HGE\DSDUWLFOHVL]HOHVV
WKDQPPUHTXLUHVDODUJHDPRXQWRIZDWHU LQSDUWLFXODUWRRSWLPL]HWKHZRUNDELOLW\LVQHFHVVDU\WRLQFUHDVHWKH
ZDWHUWRFHPHQWUDWLRZFZKLFKKRZHYHULPSOLHVDUHGXFWLRQRIWKHPHFKDQLFDOSURSHUWLHV6HYHUDOVWXGLHVVKRZHG
WKDWWKHSURSHUWLHVRIFRQFUHWH>@DQGPRUWDUV>@GHFUHDVHGZLWKWKHLQFUHDVLQJRIILQHIUDFWLRQRI5$DOVR
FDOOHG5HF\FOHG6DQG56
,QWKLVZRUNSURSHUWLHVRIPRUWDUZLWKGLIIHUHQWSHUFHQWDJHRI56KDYHEHHQLQYHVWLJDWHG,QSDUWLFXODUWKHDLPRI
WKHUHVHDUFKKDVEHHQWRILQGWKHRSWLPDOSHUFHQWDJHRIVXSHUSODVWLFL]HUWRDGGLQWRWKHPL[WXUH
0DWHULDOVDQGPHWKRGV
2.1. Materials 
7KHPDWHULDOVXVHGWRPDQXIDFWXUHPRUWDUVLQWKHSUHVHQWUHVHDUFKDUHWKHIROORZLQJV

2.1.1 Cement 
7KH FHPHQW XVHGZDV2UGLQDU\3RUWODQG&HPHQW7\SH, %X]]L8QLFHP5 OLJKW JUH\ FRORU REWDLQHGE\
JULQGLQJRIDWOHDVWRIFOLQNHUDQGPD[LPXPRIPLQRUFRQVWLWXHQWV7KLVFHPHQWLVFKDUDFWHUL]HGE\WKHUDSLG
GHYHORSPHQWRIWKHLQLWLDOUHVLVWDQFHLWFRQIRUPVWRWKHKDUPRQL]HG(XURSHDQVWDQGDUG81,(1DQGLVHTXLSSHG
ZLWK&(PDUFKLQJDVUHTXLUHGE\(XURSHDQ5HJXODWLRQ&35
 
2.1.2 CEN Standard Sand  
&(16WDQGDUGVDQGZDVXVHGIRUWKHPDQXIDFWXUHRIPRUWDUV,WLVDQDWXUDOVLOLFHRXVVDQGFRQVLVWLQJRIURXQGHG
SDUWLFOHVKDYLQJDVLOLFDFRQWHQWRIDW OHDVW,W LVGLVWULEXWHGSUHSDFNHGLQEDJVZLWKDFRQWHQWRIJ
ZKRVHSDUWLFOHVL]HGLVWULEXWLRQOLHVZLWKLQVSHFLILFOLPLWVDVVKRZQEHORZLQ7DEOH
7DEOH&(16WDQGDUG6DQG81,(1
6TXDUHPHVKVL]HPP      
&XPXODWLYHVLHYHUHVLGXH  േͷ േͷ േͷ േͷ േͷ
 
2.1.3 Recycled Sand  
7KHUHF\FOHGVDQGXVHGZDVSURYLGHGE\&DYLW6S$DQGLWKDVEHHQWUHDWHGLQWKHUHF\FOLQJSODQWRI/D/RJJLD
7XULQZKLFKLVDEOHWRFUXVKVHOHFWDQGGHOHWHXQZDQWHGIUDFWLRQVDQGILQDOO\WRVHSDUDWHLQGLIIHUHQWSDUWLFOHVL]H
IUDFWLRQV
,QSDUWLFXODUO\WKHPDWHULDOSURYLGHGWRXVE\WKHFRPSDQ\ZDV³5HF\FOHG´WKDWLVFKDUDFWHUL]HGE\SDUWLFOH
VL]HOHVVWKDQPPZLWKDSODVWLFLW\LQGH[DQGDOLTXLGOLPLWHTXDOWRDQGUHVSHFWLYHO\$WWHUEHUJ/LPLWV
7KLVPDWHULDOZDVVLHYHGLQWRVL[JUDQXODUIUDFWLRQV
PP WKDWZHUHUHPL[HGWRJHWKHUZLWKVSHFLILFDPRXQWV WRREWDLQWKHVDPHJUDQXODUGLVWULEXWLRQWKDQVWDQGDUGL]HG
VDQG)LJXUH
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

)LJ*UDQXODUGLVWULEXWLRQRIQDWXUDODQGUHF\FOHGVDQGVXVHGLQPRUWDUVSHFLPHQV

2.1.4 Other materials 
'HLRQL]HGZDWHUIRUPL[LQJSURFHGXUHZDVXVHG6XSHUSODVWLFL]HUEDVHGRQDFU\OLFSRO\PHUEHDULQJFRPPHUFLDO
QDPH'\QDPRQ63SDUWRIWKH0$3(,'\QDPRQ63V\VWHPZDVXVHG,WFRQVLVWVRIDZDWHUVROXWLRQFRQWDLQLQJ
DFU\OLFSRO\PHUVZLWKRXWIRUPDOGHK\GHWKDWFDQHIILFLHQWO\GLVSHUVHWKHFHPHQWJUDLQV
&HPHQWLWLRXVPDWHULDOVZLWK'\QDPRQ63KDYHDKLJKOHYHORIZRUNDELOLW\DQGDUHFRQVHTXHQWO\HDV\WRFDVWZKHQ
IUHVK$WWKHVDPHWLPHLWSURYLGHVH[FHOOHQWPHFKDQLFDOSHUIRUPDQFHVZKHQKDUGHQHG
2.2. Compositions of mortars 
7ZRVHULHVRIPRUWDUVSHFLPHQVZHUHPDQXIDFWXUHGE\UHSODFLQJRIHDFKJUDQXODUIUDFWLRQRIVWDQGDUGL]HGVDQG
ZLWKWKHFRUUHVSRQGLQJJUDQXODUIUDFWLRQRIUHF\FOHGVDQGXVLQJIRXUSHUFHQWDJHV56,QWKLV
ZD\IRUHDFKSHUFHQWDJHDVDQGSDFNHWKDVEHHQUHDOL]HG)LJXUH7DEOH
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7DEOH&RPSRVLWLRQVRIVDQGSDFNHWV
6LHYH
056  056  056  056
66 56  66 56  66 56  66 56
>PP@ >J@ >J@  >J@ >J@  >J@ >J@  >J@ >J@
           
           
           
           
           
           

6HULHVZDVUHDOL]HGWRVWXG\WKHLQIOXHQFHRIWKHFRQWHQWRIUHF\FOHGVDQGRQWKHZRUNDELOLW\RIPRUWDUPL[ZKLOH
VHULHVWRILQGDSHUFHQWDJHRIDGGLQJVXSHUSODVWLFL]HULQRUGHUWRREWDLQDZRUNDEOHPL[
$FFRUGLQJWR6WDQGDUG(1WKHSURSRUWLRQVE\ZHLJKWXVHGLVRQHSDUWRIWKHFHPHQWWKUHHSDUWVRIVDQGDQG
RQHKDOISDUWRIZDWHUWKDWLVDZFUDWLRHTXDOWR
(DFKEDWFKIRUWKUHHWHVWVSHFLPHQVFRQVLVWRIJRIFHPHQWJRIVDQGDQGJRIZDWHU
2.3. Experimental methods 
0RUWDUVSHFLPHQVRI[[PPZHUHPDQXIDFWXUHG7KHPL[LQJSURFHGXUHZDVIROORZHGDFFRUGLQJWRWKH
6WDQGDUG(10RUHRYHUIRUWKH6HULHVVXSHUSODVWLFL]HUKDVEHHQDGGHGLQWRZDWHU$IWHUKRXUVIURP
WKHPRXOGLQJSURFHGXUHPDUNHGVSHFLPHQVKDYHEHHQFXUHGLQZDWHUIRUGD\V%HIRUHWKHPHFKDQLFDOWHVWVPP
GHHS8VKDSHGQRWFKHVZHUHPDGHLQWKHVSHFLPHQV)LJXUH

)LJ0RUWDUVSHFLPHQGLPHQVLRQV









)LJ0RUWDUVSHFLPHQGLPHQVLRQV

2.3.1 Instrumentation and test activity 
7KH&	'ZDVWHPDWHULDOZDVVLHYHGDQGWKHSDVVLQJIUDFWLRQDWDQGPPZDV
DQDO\]HG E\PHDQV RI ;UD\ GLIIUDFWLRQ ;5' ;5' SDWWHUQVZHUH UHFRUGHGZLWK D 3DQ $QDO\WLFDO ;¶3HUW 3UR
GLIIUDFWRPHWHUEHWZHHQDQGLQșZLWKDVWHSZLGWKRIDQGVGDWDFROOHFWLRQSHUVWHS&X.ĮUDGLDWLRQ
DQGJUDSKLWHVHFRQGDU\PRQRFKURPDWRU
7KUHHSRLQWEHQGLQJWHVWVKDYHEHHQFDUULHGRXWIRUHDFKPRUWDUQRWFKHGVSHFLPHQE\XVLQJD=ZLFN5RHOO=
PDFKLQHZLWKORDGFHOOFDSDFLW\RIN17KHFUDFNPRXWKRSHQLQJGLVSODFHPHQW&02'PRGHZDVXVHGWKURXJK
DFOLSRQH[WHQVRPHWHUDQGDPPPLQWHVWVSHHGZDVDGRSWHG)LJXUHD
&RPSUHVVLYHWHVWVKDYHEHHQSHUIRUPHGIRUHDFKKDOYHVRIWKHSULVPEURNHQLQIOH[XUHE\XVLQJD076VHUYR
K\GUDXOLFPDFKLQH7KHWHVWVSHHGDGRSWHGZDVPPV)LJXUHE
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)LJDWKUHHSRLQWEHQGLQJWHVWEFRPSUHVVLYHWHVW
7KHIUDFWXUHHQHUJ\LVJHQHUDOO\FDOFXODWHGE\XVLQJWKHIROORZLQJH[SUHVVLRQ

  
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  

ZKHUH$OLJLVWKHDUHDRIWKHLQLWLDOOLJDPHQWDQG:LVWKHWRWDOZRUNRIIUDFWXUH
3DUWLFXODUO\:LVWKHDUHDXQGHUWKHORDG&02'FXUYHDWILQDOIUDFWXUHZKLOH:DQG:UHSUHVHQWWKHZRUNGXHWR
WKHVHOIZHLJKWRIWKHVSHFLPHQDQGWKHZRUNGXHWRWKHZHLJKWRIWKHSDUWRIWKHORDGLQJDUUDQJHPHQWUHVSHFWLYHO\
,QWKHSUHVHQWZRUNRQO\WKHIUDFWLRQUHODWHGWRWKHDUHDXQGHUWKHORDG&02'FXUYHKDVEHHQHYDOXDWHGDVW1DQG
W2ZHUHWKHVDPHIRUDOOWKHVSHFLPHQV


F
lig
WG
A
           
5HVXOWVDQGGLVFXVVLRQV
3.1. Chemical compositions of recycled sand 
;5'SDWWHUQVZHUHUDWKHUVLPLODUZKDWHYHUWKHSDVVLQJIUDFWLRQWKH\VKRZHGWKHSUHVHQFHLQDOOWKHVDPSOHVRI
FDOFLWHDQGTXDUW]DVPDMRUFRQVWLWXHQWVZKLOHPLFDSDUDJRQLWHDVRGLXPDOXPLQXPVLOLFDWHK\GUR[LGHDQGSKORJRSLWH
D SRWDVVLXP PDJQHVLXP DOXPLQXP VLOLFDWH K\GUR[LGH DQG FOLQRFKORUH D PDJQHVLXP DOXPLQXP LURQ VLOLFDWH
K\GUR[LGHZHUHVHFRQGDU\SKDVHV
*LVPRQGLQHDFDOFLXPDOXPLQXPVLOLFDWHK\GUDWHDQGNDROLQLWHDFOD\ZHUHIRXQGDVWUDFHV*\SVXPZDVQHYHU
IRXQGLQWKHLQYHVWLJDWHGVDPSOHV0LFDDQGFOLQRFKORUHFRPHIURPWKHDJJUHJDWHIUDFWLRQZKLOHFDOFLWHFRXOGKDYH
GLIIHUHQWRULJLQVIURPDJJUHJDWHVDVDFHPHQWILOOHUDQGIURPFRQFUHWHGHJUDGDWLRQSURFHVVFDUERQDWLRQ*LVPRQGLQH
LVSUREDEO\GXHWRK\GUDWHGFHPHQWUHVLGXHV)LJXUH

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)LJ5HVXOWVRI;UD\GLIIUDFWLRQDQDO\VLVRQWKHPPIUDFWLRQUHF\FOHGVDQG
3.2. Influence of replacement percentage of recycled sand 
6HULHVRIPRUWDUVZLWKZFUDWLRHTXDOWRZDVUHDOL]HGWRVWXG\WKHLQIOXHQFHRIWKHFRQWHQWRIUHF\FOHGVDQG
RQWKHZRUNDELOLW\RIPRUWDUPL[
$FFRUGLQJWR'DSHQDHWDO>@DQG0jUWLQH]HWDO>@LWLVYHU\GLIILFXOWWRFRPSDFWWKHPRUWDUVSHFLPHQVZKHQ
WKHUHLVDQDPRXQWRI56PRUHWKDQ
,QWKLVFDVHZDWHUGHPDQGLQFUHDVHVDVWKHSHUFHQWDJHRIUHF\FOHGVDQGLQFUHDVHVSUREDEO\GXHWRK\GUDWHGFHPHQW
UHVLGXHV RQ WKH ILQH IUDFWLRQ &RQVHTXHQWO\ IOH[XUDO DQG FRPSUHVVLYH VWUHQJWK FRQVLGHUDEO\ GHFUHDVHV KDYLQJ D
GHFUHDVHDOVRDVUHJDUGVWKHIUDFWXUHHQHUJ\DVVKRZQLQ7DEOH
7DEOH0HFKDQLFDOSURSHUWLHVRIPRUWDUV6HULHV
 056 056 056 056
$YHUDJHIOH[XUDOVWUHQJWK>03D@    
6WDQGDUGGHYLDWLRQ>03D@    
$YHUDJHIUDFWXUHHQHUJ\>1PP@    
6WDQGDUGGHYLDWLRQ>1PP@    
$YHUDJHFRPSUHVVLYHVWUHQJWK>03D@    
6WDQGDUGGHYLDWLRQ>03D@    

6HULHVZDVUHDOL]HGWRILQGDSHUFHQWDJHRIDGGLQJVXSHUSODVWLFL]HUWRREWDLQDZRUNDEOHPL[LQSDUWLFXODUIRUWKH
DQG56$IWHUVHYHUDODWWHPSWVWKHRSWLPDOSHUFHQWDJHRIVXSHUSODVWLFL]HUZDVIRXQGLQFRPSDUHGWR
WKHWRWDOZHLJKWRIWKHVDQGUHF\FOHG%\WKLVDGGLQJIOH[XUDOPHFKDQLFDOEHKDYLRULVVLPLODUWRVWDQGDUGL]HGPRUWDU
ZKLOHFRPSUHVVLYHPHFKDQLFDOEHKDYLRUQRWDVVKRZQLQ7DEOH
)LJXUHDQG)LJXUHVKRZWKHUHVXOWVSURYLGHGIURPWKUHHSRLQWEHQGLQJWHVW
,QSDUWLFXODU)LJXUHVKRZVWKHFRPSDULVRQEHWZHHQPRUWDUVZLWKVWDQGDUGVDQG66DQGPRUWDUVZLWKUHF\FOHG
VDQG56ZLWKDQGZLWKRXWVXSHUSODVWLFL]HU
)LJXUHVKRZVWKHFRPSDULVRQEHWZHHQPRUWDUVZLWKVWDQGDUGVDQG66DQGPRUWDUVZLWKUHF\FOHGVDQG56DQG
VXSHUSODVWLFL]HU
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7DEOH0HFKDQLFDOSURSHUWLHVRIPRUWDUV6HULHV
 056 056 056
$YHUDJHIOH[XUDOVWUHQJWK>03D@   
6WDQGDUGGHYLDWLRQ>03D@   
$YHUDJHIUDFWXUHHQHUJ\>1PP@   
6WDQGDUGGHYLDWLRQ>1PP@   
$YHUDJHFRPSUHVVLYHVWUHQJWK>03D@   
6WDQGDUGGHYLDWLRQ>03D@   
DGGLWLRQRIVXSHUSODVWLFL]HU   

)LJ/RDG&02'FXUYHV066DQG056ZLWKDQGZLWKRXW6S )LJ/RDG&02'FXUYHV066DQG056ZLWK63

&RQFOXVLRQV
,QWKLVUHVHDUFKFKHPLFDOFRPSRVLWLRQE\;5'RIUHF\FOHGVDQGDQGPHFKDQLFDOSURSHUWLHVRIPRUWDUVZLWK56
KDYHEHHQLQYHVWLJDWHG$QDO\VHVDOORZHGWRFRQFOXGHWKDW
x 7KHZRUNDELOLW\ RIPRUWDU GHFUHDVHV DV WKH SHUFHQWDJH RI UHF\FOHG VDQG LQFUHDVHV SUREDEO\ GXH WR K\GUDWHG
FHPHQWUHVLGXHVRQWKHILQHIUDFWLRQWKDWUHTXLUHVDKLJKHUZDWHUGHPDQG7KHLQFUHDVHRIUHTXLUHGZDWHULQWKH
PL[LQJSKDVHPD\EHGXHWRWKHSUHVHQFHRIYHU\ILQHSRZGHUDWWDFKHGWRWKHVDQGSDUWLFOHV
x :LWKUHSODFLQJWKH66ZLWK56WKHIOH[XUDODQGFRPSUHVVLYHVWUHQJWKJHQHUDOO\GHFUHDVHZKHQWKHFRQWHQWRI
UHF\FOHGDJJUHJDWHVLQFUHDVHV7KHLQFUHDVHRIK\GUDWHGFHPHQWUHVLGXHVKDVDQHJDWLYHLQIOXHQFHRQPHFKDQLFDO
EHKDYLRURIPRUWDUGXHWRLWVKLJKZDWHUDEVRUSWLRQDQGORZPHFKDQLFDOSURSHUWLHV,QIDFWWKHGLIILFXOW\GXULQJ
WKHPL[LQJUHVXOWHGLQDQLQFUHDVHRIWKHVWDQGDUGGHYLDWLRQRIWKHPHFKDQLFDOSDUDPHWHUVZLWKWKHLQFUHDVHRI
UHSODFHPHQWUDWLR
x 7KHPRUWDUVPDGHZLWK56 DGGLQJ VXSHUSODVWLFL]HU KDYHEHHQ VKRZQ D IOH[XUDO EHKDYLRU VOLJKWO\ZRUVH WKDQ
VWDQGDUGL]HGPRUWDUV HVSHFLDOO\ DV UHJDUGV WKHPRUWDUZLWK D SDUWLDO VXEVWLWXWLRQ RI RQ WKH RWKHU KDQG
FRPSUHVVLYHVWUHQJWKGHFUHDVHVIDVWHU
x 7KHPRVWVLJQLILFDQWUHVXOWVREWDLQHGE\DQDO\]LQJWKHSURSHUWLHVRIGLIIHUHQWPL[GHVLJQLVWKDWLQDQ\FDVHWKH
EHQGLQJVWUHQJWKDQGWKHIUDFWXUHHQHUJ\LQFUHDVHRUGHFUHDVHVLPXOWDQHRXVO\7KHUHIRUHLWFDQEHDVVXPHGWKDW
ZLWKVSHFLDODGGLWLRQVHJFDUERQQDQRPLFURSDUWLFOHVFRXOGDFKLHYHEHWWHUUHVXOWV
$FNQRZOHGJHPHQWV
7KHSUHVHQWUHVHDUFKZDVFDUULHGRXWZLWKWKHILQDQFLDOVXSSRUWRI5(/8,6$XWKRUVZRXOGOLNHWRWKDQN&DYLW6S$
IRUSURYLGLQJXVUHF\FOHGVDQG
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